Biodegradable scaffolds could revolutionize tissue engineering and regenerative medicine; however, in vivo matrix degradation and tissue ingrowth processes are not fully understood. Currently a large number of samples and animals are required to track biodegradation of implanted scaffolds, and such nonconsecutive single-time-point information from various batches result in inaccurate conclusions. To overcome this limitation, we developed functional biodegradable scaffolds by employing invisible near-infrared fluorescence and followed their degradation behaviors in vitro and in vivo. Using optical fluorescence imaging, the degradation could be quantified in real-time, while tissue ingrowth was tracked by measuring vascularization using magnetic resonance imaging in the same animal over a month. Moreover, we optimized the in vitro process of enzyme-based biodegradation to predict implanted scaffold behaviors in vivo, which was closely related to the site of inoculation. This combined multimodal imaging will benefit tissue engineers by saving time, reducing animal numbers, and offering more accurate conclusions.
Biodegradable scaffolds could revolutionize tissue engineering and regenerative medicine; however, in vivo matrix degradation and tissue ingrowth processes are not fully understood. Currently a large number of samples and animals are required to track biodegradation of implanted scaffolds, and such nonconsecutive single-time-point information from various batches result in inaccurate conclusions. To overcome this limitation, we developed functional biodegradable scaffolds by employing invisible near-infrared fluorescence and followed their degradation behaviors in vitro and in vivo. Using optical fluorescence imaging, the degradation could be quantified in real-time, while tissue ingrowth was tracked by measuring vascularization using magnetic resonance imaging in the same animal over a month. Moreover, we optimized the in vitro process of enzyme-based biodegradation to predict implanted scaffold behaviors in vivo, which was closely related to the site of inoculation. This combined multimodal imaging will benefit tissue engineers by saving time, reducing animal numbers, and offering more accurate conclusions.
T issue engineering offers attractive approaches for the reconstruction of damaged tissues and organs. The basic approach includes creating a neo-tissue by combining cells with biodegradable natural and/or synthetic polymeric scaffolds under suitable culture conditions, resulting in a tissue construct that can be implanted in vivo for bone, cartilage, musculoskeletal, and cardiovascular regeneration [1] [2] [3] . The implanted scaffolds are eventually degraded and replaced by vascularized tissues over time, and the rate of scaffold degradation and tissue formation inside the scaffold must be equivalent for successful outcomes 4, 5 . Many efforts have focused on monitoring scaffold degradation behaviors by measuring changes in mechanical properties 6, 7 , and molecular weight 6, 8 , matrix weight 9 , morphology 6 , viscosity 10 ; however, most of these methods require sacrifice of numerous animals at various time points, which often leads to inaccurate conclusions, as there can be broad batch-to-batch and animal-to-animal variations.
To avoid these pitfalls, longitudinal monitoring of scaffold degradation and cell/tissue ingrowth using noninvasive imaging modalities has been attempted. The feasibility of using ultrasound elasticity imaging was demonstrated to measure mechanical properties and degradation of implanted scaffolds 11 , while magnetic resonance imaging (MRI) has been applied to track implanted cells pre-labeled with ferumoxides 12 . Real-time optical fluorescence imaging techniques have also been applied for in situ monitoring of implanted biomaterials 13, 14 . Most recently, Artzi et al. demonstrated noninvasive assessment of implanted hydrogels sequentially to model hydrolytical and enzymatical degradation of biomaterials 15 . However, the result from in vitro was still far from accurate to predict in vivo biodegradation behaviors because of the physical, chemical, and optical instability of the visible wavelength fluorophore used for the study. Also, endogenous tissue autofluorescence in the visible wavelength range limits the use of such conventional fluorophores in vivo 16 .
To overcome these limitations, we engineered biodegradable scaffolds using an invisible near-infrared (NIR) fluorophore having excellent optical properties and high physicochemical stability in serum and in the body, which enabled longitudinal monitoring of scaffold degradation in vivo. Moreover, the NIR fluorescence imaging (700-900 nm) eliminates autofluorescence from the body, which can increase accuracy of imaging data from animals [17] [18] [19] . In addition, we applied noninvasive and nonirradiant MRI to assess tissue ingrowth by observing vascularization during neo-tissue formation.
Results
Engineering biodegradable NIR scaffolds. The extracellular matrix (ECM) scaffold derived from porcine small intestinal submucosa (SIS) has been extensively characterized and used in the various fields of tissue engineering [20] [21] [22] [23] . As shown in Fig. 1a , the NIR fluorescent biodegradable scaffold was prepared by conjugating ZW800-1 N-hydroxysuccinimide (NHS) ester to the collagen unit on the crosslinked SIS scaffold. The zwitterionic NIR fluorophore ZW800-1 presents stable physicochemical and optical properties in collagenase buffers ( Fig. 1b) as well as no measurable toxicity in mice, rats, and pigs 17, 19, 24 . The physical integrity of the scaffold such as surface and cross-sectional gross morphology was preserved after NIR fluorophore conjugation ( Fig. S1 ). To engineer a highly bright scaffold, various labeling ratios were demonstrated, and the contrast-to-background ratio (CBR) was calculated by measuring NIR fluorescence signals (see Online Methods and Fig. S2 ). The highest CBR without quenching was observed when the ratio of dye against the collagen unit was around 1 (labeling ratio < 0.5), and we used this labeling ratio to prepare NIR scaffolds for the rest of study ( Table S1 ).
Quantitation of scaffold degradation in vitro. To quantify the degree of scaffold degradation in vitro, we measured signal reduction in the NIR scaffolds using the FLARE TM imaging system over a month. Since interstitial collagenase breaks down type I collagen that is abundant in SIS scaffold (.90% protein) 20 , we prepared various concentrated collagenase buffers (0-1 mg/mL) to find the best condition to predict in vivo scaffold degradation. The rate of scaffold degradation was monitored by measuring changes in NIR fluorescence signals from the scaffold. The scaffold degradation facilitated proportionally to the collagenase concentration ( Fig. S3a) , and the NIR fluorescence signal decreased over the incubation time ( Fig. 2a) . Indeed, almost no NIR signal was found from the scaffold at D28 incubation in 1 mg/mL collagenase buffer. However, the shape of scaffold was not changed significantly because the collagen-based scaffold shows enzyme-mediated bulk erosion, and the degraded NIR-conjugated collagen units are diffused out from the scaffold 25 . To confirm the biodegradation rate of NIR scaffolds, we collected incubation solutions at each time point and quantitated the released amount of dyes (Fig. S3b) . The NIR scaffold incubated in phosphate buffer without collagenase was used as a control to compensate the signal loss from intact fluorophore in scaffolds and solutions. In the early phase, relatively high signals were found in buffer solutions because of rapid degradation of non-crosslinked collagen units, which were diffused out from the collagen matrix. As summarized in Fig. 2a , gradual signal reduction was observed in the scaffold over 28 days, while proportional signal increase was measured in the accumulated incubation buffer. Therefore, signal reduction in the scaffold reflects degradation of NIR-conjugated collagen units from the scaffold. As a gold standard for scaffold degradation measurement, we performed a gravimetric assay that has been commonly used in the field of tissue engineering to provide the absolute value of mass changes in the scaffold. At least 5 samples were taken at each time incubation point and lyophilized to measure the remaining mass. As shown in Fig. 2b , the scaffolds in various collagenase buffers showed a very similar degradation pattern with the result from optical fluorescence measurement. Using fluorescence microscopy, we confirmed that the cross-section of the NIR scaffold collapsed gradually over collagenase concentrations with significant reduction in fluorescence signals (Fig. S4) . This result indicates that the fluorescence signal reduction corresponds to the proportional biodegradation of NIR scaffolds.
Quantitation of scaffold degradation in vivo.
To investigate the effect of local enzyme amount-mediated biodegradation in the body, NIR scaffolds were implanted into the subcutaneous pocket of axilla and thigh region separately. It is known that mechanical stress around the implanted scaffold is a major determining factor for the degree of the foreign body reaction 26 , which stimulates collagenase production and release from fibroblasts, macrophages, and neutrophils 27 . As shown in Fig. 3a , a significant decrease in the NIR fluorescence signal was observed from the scaffolds over the implantation time. Because ZW800-1 is stable in collagenase buffer ( Fig. 1b) as well as in the body 17 , the signal reduction corresponds to the biodegraded collagen units by the enzyme (see Fig. 5b ). The degree of signal reduction was notably enhanced in the axilla site compared to the thigh region. The pattern of signal reduction in both regions was similar to those from the in vitro test incubated with different collagenase concentrations: 0.5 mg/mL collagenase for axilla scaffold and 0.1 mg/mL collagenase for thigh scaffold (Fig. 3b) .
Noninvasive magnetic resonance imaging. MRI was used to confirm the tissue infiltration process into the scaffold by measuring vascular formation over 28 days in the same animal. As shown in Fig. 4a , T1-weighted MRI without contrast agent reveals little to no evidence of vasculature within the implanted scaffold as evidenced by distinct fat and tissue separation between native and implanted region (arrowheads). By administrating Magnevist, the images show bright signal around boundaries of the implanted scaffold, which suggests onset of vascularization within and around scaffold borders. MR images of the axilla site exhibit bright and homogenous signals throughout the implanted scaffold at 28 days post-implantation due to the fully vascularized tissue. Neovascular formation in the thigh region was slower than the axillary pocket, corresponding to the slow degradation of the implanted scaffold.
Histological analysis using NIR fluorescence microscopy. In order to evaluate tissue ingrowth and inflammatory response of the tissue within the scaffold, the extracted scaffolds at each time point were observed through a NIR fluorescence microscopy after staining with hematoxylin and eosin (H&E). As shown in Fig. 4b , the size of the retrieved scaffolds was reduced over the implantation time, and the NIR fluorescence signal decreased along with the smaller scaffold. When compared to the scaffolds at the thigh region, those from the axilla were smaller in size because of faster biodegradation by enzymes and active movement 28 . Some inflammatory cells such as polymorphonuclear cells, monocytes, and macrophages were observed around the scaffold, and the proliferating fibroblasts in granulation tissue have been recruited and deposited into the scaffold 27 (Figs. 4c and S5) . The host tissue infiltration into the scaffold facilitated scaffold degradation and consequentially reduced signal intensity. Tissue infiltration in the axilla scaffold was faster than those from the thigh region, which is consistent with the fluorescence and MR images.
In vivo biodistribution and clearance. To determine the biodistribution and clearance of degraded collagen units from the NIR scaffold in the body, whole-body optical imaging was performed using the FLARE TM imaging system. As shown in Fig. 5a , the biodegraded scaffold was found mainly in the kidneys and bladder. The NIR fluorescence signal decreased over the period of implantation time, and only a small amount of signal was observed in the animal sacrificed 4 weeks post-implantation. This result demonstrates that the NIR scaffold could be removed completely from the body after it has performed its mechanical supporter function during tissue ingrowth. To investigate whether the NIR signal is from the degraded fluorophore or from the conjugated scaffold unit, in vitro incubation media and in vivo urine samples were collected at various time points, and the molecular weight difference was measured using MALDI-TOF MS spectrometry ( Figs. 5b and S6) . A control collagen scaffold without fluorophore conjugation incubated for 1 day in 0.5 mg/mL collagenase buffer showed multiple monomeric collagen-like structures around m/z of 14,930, while the fluorophore-conjugated scaffold showed higher molecular weights consistently in the in vitro degradation media and in the urine sample. An NIR scaffold incubated in collagenase-free buffer showed no peak in the range of 2,000 to 30,000 Da, which means no enzyme-mediated degradation happens without collagenase. To confirm whether ZW800-1 solely degraded in buffers and urine, a lower mass range (50-2,500 Da) was also scanned using MALDI-TOF (Fig. S6) . Because ZW800-1 is highly stable in collagenase buffer (Fig. 1b; . 98%, 24 h) , only the intact molecular mass of dye was detected by MALDI-TOF at 1 day postincubation. On the other hand, none of the degraded ZW800-1 peak was observed from NIR scaffolds in buffers or in urine samples at the lower mass range.
Discussion
Although biodegradable scaffolds have been successfully used for tissue engineering and regenerative medicine in humans, the detailed process for scaffold degradation and tissue formation is not fully understood. Conventional techniques for measuring scaffold degradation require a large number of samples and animals to be sacrificed at every single time point, thus resulting in an inaccurate conclusion because of nonsequential measurements from different samples.
Noninvasive imaging techniques such as ultrasound elasticity imaging (UEI) 11 and MRI 12 have been developed to monitor longitudinal tissue growth; however, these imaging modalities cannot provide direct evidence of matrix degradation. When combined with MRI, optical fluorescence imaging using the NIR wavelength can be one of the solutions for monitoring scaffold degradation continuously along with tissue development. By tagging an invisible fluorophore covalently to the biodegradable scaffold, the degradation behavior of various biomaterials could be monitored in real time. Since light scattering and absorption in human tissue are the major obstacles in optical fluorescence imaging, NIR wavelength (700-900 nm) can efficiently minimize tissue autofluorescence, resulting in less background interference and enhanced signal-tobackground ratio [29] [30] [31] [32] .
Another caveat in the tissue engineering and regenerative medicine field is that no optimum in vitro biodegradation condition has been reported yet to predict the enzyme-mediated scaffold degradation and tissue formation in the body. Although Artzi et al. reported a fluorescence imaging-based trafficking method to follow the erosion behavior of hydrogels and scaffolds in various conditions 15 , specific formulas were required to compensate the difference between in vitro and in vivo results. We could successfully overcome this problem by using direct comparison of NIR fluorescence imaging and quantitation of actual degradation in scaffolds and media simultaneously in various collagenase buffers. Indeed, we found that the rate of scaffold degradation and tissue ingrowth was closely related to the implantation site because of the natural variation of enzyme content and mechanical movement.
The question still remains as to whether optical fluorescence imaging can be used to track both scaffold degradation and tissue ingrowth simultaneously and quantitatively over the period of complete regeneration. Using dual-channel NIR wavelengths such as 700 nm and 800 nm, one color can be used to follow the fate of the scaffold and the other to follow the growth of tissue in the body. Although this technique has been extensively applied in imageguided surgery, current fluorescence imaging is limited by the low penetration and resolution of light up to several millimeters 29, 30 . Diffuse optical tomography and photoacoustic tomography are actively investigated in the imaging field to overcome this limitation for deep tissue imaging. Another solution is the use of multimodal imaging techniques using NIR fluorophore-tagged scaffolds and pre-labeled stem cells or primary cells for combined MRI, CT or bioluminescence imaging to follow neo-tissue formation along with matrix degradation. In any case, NIR fluorescence imaging will play a key role in trafficking the fate of implanted materials in the body, which will initiate a new era of tissue engineering and regenerative medicine.
Methods
Engineering NIR fluorescent scaffolds. The biodegradable scaffold using porcine small intestinal submucosa (SIS) was prepared as previously reported 20, 22 (also see Supplementary Methods ). An 800 nm NIR fluorescence emitting ZW800-1 17 was conjugated on the scaffold using conventional N-hydroxysuccinimide (NHS) ester chemistry in phosphate buffer at pH 8.0. After rinsing the unconjugated dyes in distilled water 5 times, the washing solutions were collected to calculate the final labeling ratio (l max at 770 nm, extinction coefficient 5 246,000 L mol 21 cm 21 in PBS). As shown in Table S1 , the final quantity of ZW800-1 on the scaffold was calculated by subtracting the unconjugated free dyes from the washing solutions.
In vitro scaffold degradation measurements. The NIR scaffolds (1.4 cm diameter 3 0.8 cm height) were placed in 20 mL vials containing 5 mL collagenase (collagenase Type I, MP Biomedicals, LLC, OH) in PBS, pH 7.4. These vials were incubated on a shaker table set at 50 rpm and 37uC for various time periods of up to 4 weeks. At 3-day intervals, the entire media was taken for degradation analysis and replaced with 5 mL of fresh collagenase solution. For scaffold imaging, NIR scaffolds were washed 5 times in distilled water and imaged in fresh solutions using the FLARE imaging system. Solutions used for scaffold washing were added to the measurement. The NIR images were normalized and the signal intensity was quantified using ImageJ software (ver. 1.45q). The dye quantity released from the scaffold was measured using a fluorospectrometer at 770 nm excitation and 790 nm emission. The degradation pattern was plotted as accumulated-release profile over the time course of 4 weeks. At each time point, at least 5 scaffolds were collected to measure the mass loss after freeze-drying for 2 days. Mass loss was calculated using the following equation: W 1 /W 0 3 100 (%), where W 0 indicates the original scaffold weight and W 1 means degraded scaffold weight after lyophilization.
Animal models for scaffold implantation. Animals were housed in an AAALACcertified facility, and all animal studies were performed under the supervision of Beth Israel Deaconess Medical Center's Institutional Animal Care and Use Committee (IACUC) in accordance with approved institutional protocol #155-2008. NCRNU nude mice (20-30 g, 6-8 weeks) were purchased from Taconic Farms (Germantown, NY). Prior to transplant scaffolds, mice were anesthetized with an intraperitoneal injection of ketamine (100 mg/kg) and xylazine (10 mg/kg). NIR scaffolds pre-wetted with Matrigel (BD Bioscience, Bedford, MA) were implanted into the subcutaneous pocket of axilla and thigh region, respectively. An unconjugated scaffold (control) was also transplanted in the middle of 2 NIR scaffold sites to retain space among scaffolds. Noninvasive optical imaging was performed from the same animal every 3 days using the FLARE imaging system. One animal at each time point was sacrificed to quantify the biodistribution of the degraded scaffolds, and the implanted constructs were harvested to use for histological analysis after H&E staining (see below).
NIR fluorescence microscopy. For microscopic imaging, scaffolds were collected and extracted from in vitro and in vivo study, fixed in 4% formalin for 10 min, molded with Tissue-Tek OCT compound (Fisher Scientific, Pittsburgh, PA), and frozen in liquid nitrogen. Frozen sections were cut to a 20 mm thickness, and their structure and degradation pattern were examined by a 4-channel fluorescence microscope (see Supplementary Methods).
Optical imaging system and quantification. The real-time intraoperative FLARE TM imaging system has been described in detail previously 33, 34 . In this study, a custom filter set (Chroma Technology Corporation, Brattleboro, VT) composed of a 750 6 25 nm excitation filter, a 785 nm dichroic mirror, and an 810 6 20 nm emission filter, with white light (400 to 650 nm) at 40,000 lx were used to detect NIR fluorescence signals. Color and NIR fluorescence images were acquired simultaneously with custom software at rates up to 15 Hz over a 15 cm diameter field of view. A pseudo-colored green was used for NIR fluorescence in the color-NIR merged images. At each time point, the fluorescence (FL) and background (BG) intensity of a region of interest (ROI) over each organ/tissue was quantified using ImageJ software. The contrast-to-background ratio (CBR) was calculated as CBR 5 FL/BG 2 1. To quantify dye contents in the scaffold and from the released solution, NIR scaffolds in collagenase-free buffers were used as a control, and the signal changes were applied to the final quantification. For scaffold-implanted animals, the CBR was measured using an ROI over the scaffold for FL and an ROI over the skin for BG 35 . At least 5 animals were analyzed at each time point. Statistical analysis was carried out using a one-way ANOVA followed by Tukey's multiple comparisons test. Results were presented as mean 6 S.D. and curve fitting was performed using Prism version 4.0a software (GraphPad, San Diego, CA).
Magnetic resonance imaging (MRI). To confirm tissue formation in the scaffold, 1T micro MRI system (Aspect, Israel) was used. 50 mL of Magnevist (Berlex Imaging, www.nature.com/scientificreports SCIENTIFIC REPORTS | 3 : 1198 | DOI: 10.1038/srep01198
Wayne, NJ) diluted 10-fold in saline was injected in the tail vein to track tissue formation by vascularization. The imaging protocol consisted of T1-weighted spin echo sequence with TR/TE 5 412.6/10.9 ms, matrix size 5 256 3 256, slice thickness 5 2.0 mm, gap 5 0.0 mm, field of view 5 60 mm.
